Magnetism in the Fe-chalcogenide FeTe, under various modulations, provides important clues with regard to possible precursors to superconductivity. In this study, we monitor the non-superconducting chalcogenide FeTe and follow its transitions under insertion of oxygen, Fe, doping with Se, and vacancies of Fe using spin-polarized band structure methods (utilizing GGA) originating from the collinear and bicollinear magnetic arrangements. We use a supercell of Fe 8 Te 8 as our starting point, so that it can capture local changes in magnetic moments. For the most part, the calculated values of magnetic moments agree well with available experimental data prior to superconducting transitions with some of the modulations leading to significant changes in the bicollinear or collinear magnetic moments/arrangements. The total energies of these systems indicate that the collinear-derived structure is the more favorable one prior to a possible superconducting transition. Using the Hubbard model on a 8-site Betts-clusterbased lattice, we show why these systems favor electron or hole pairing under appropriate modulations and could lead to a common understanding of charge and spin pairing in the cuprates, pnictides, and chalcogenides.
Introduction
High temperature superconductors discovered in the 1980s consisted of copper oxide-based, layered materials. In such cuprates, it is believed that doping, away from half filling, of a Mott-insulator leads to superconductivity although there is still no general agreement on a specific mechanism. Recently discovered superconductivity in Fe-based compounds, which are either pnictides or chalcogenides [1, 2] , has opened up an extremely rich and active area of basic research. Although the transition temperatures of the Fe-chalcogenide superconductors are among the lowest of those of the recently discovered compounds, they possess rather simple layered structures and fascinating antiferromagnetic (AFM) or spin density wave (SDW) states. Superconductivity in the Fe-chalcogenides, having the so-called (11) structure, was first reported in 2008 [2, 3] in Fe 1?d Se and Fe(Se 1-x Te x ) 0.82 .
This discovery led to a substantial increase in research efforts focused on simple, layered Fe compounds, containing chalcogenides such as S, Se, and Te. FeTe, which is a metallic antiferromagnet, has a tetragonal structure and has shown properties uniquely different from some of the other pnictides and chalcogenides. For example, Fe 1?d Te is not superconducting; instead, it shows magnetic and structural transitions at 65 K [4] . In addition, it is said to have the so-called ''double stripe'' AFM order instead of the ''single stripe'' with ordering vector (p, p) [5, 6] . Nevertheless, FeTe doped with Se was found to be superconducting [1, 7] . Oxygen insertions in FeTe (films) have also given rise to superconductivity [8] [9] [10] . There are claims that the Fe-chalcogenides do not exhibit the same nesting feature found in the pnictides and that they possess a different local SDW magnetic order which survives even in the highest T c samples [11] .
This study was focused on understanding such changes, including magnetic disorder, while attempting to find common behavior, especially en route to superconductivity, in these chalcogenide (and possibly pnictide and cuprate) systems. We note that there have been numerous band structure calculations carried out recently on related systems focusing on nesting features of the relevant Fermi surface, susceptibilities among other things (see Refs. [12, 13] and references therein); however, to our knowledge, these studies have not focused on systematic changes in the resulting moments as functions of various modulations, such as oxygen insertions, examined in this study, en route to superconductivity.
Band structure
Our band structure calculations are based on the (spinpolarized) density functional theory (DFT) [14, 15] , combined with the generalized gradient approximation (GGA) [16] , as implemented in the VASP package [17] [18] [19] . The interaction between the electrons and atomic cores is described by projector augmented wave (PAW) pseudopotentials. The wave functions are expanded using plane waves with a cut-off energy of 400 eV (or 500 eV in selected cases). Brillouin-zone integrations are carried out with a 4 9 4 9 4 Monkhorst and Pack [20] grid of k-points while a denser 8 9 8 9 8 k-point mesh was used for the density of states (DOS) calculations.
The lowest energy structure was determined using Broyden-Fletcher-Goldfarb-Shanno (BFGS) [21] based algorithms. For the results reported in this study, all the atoms are allowed to relax based on Hellman-Feynman forces and optimization (of the internal parameters) is carried out until typical forces on the atoms are around 0.01 eV/Å or less. We have not included any spin-orbit effects and hence cannot discuss magnetic anisotropyrelated phenomena such as easy axes of magnetization. As a test of the reliability of the calculated magnetic moments, we have checked the bcc Fe moment using this method which yielded a value of 2.1 l B , in agreement with its observed value.
FeTe has a high temperature tetragonal structure with space group P4/nmm, where a square lattice of Fe is tetrahedrally coordinated with Te ions. Experimental lattice parameters of this compound are a = b = 3.8248 Å and c = 6.2910 Å [22] ; optimizations were carried out using these fixed lattice parameters for the 2 9 2 9 1 supercell. This 16-atom tetragonal supercell, consists of 8 Fe and 8 Te atoms (see Fig. 1 ) with Fe atoms located in a plane with Te atoms sitting above (and below) the plane. The reason for choosing a large supercell is to examine possible nontrivial SDW-type behavior; i.e., to allow moments to (vary and) align among themselves as necessitated by the variational principle in total energy. A smaller cell will not have such freedom. Following the (non-magnetic) work of Refs. [8, 9] , the interstitial sites for oxygen insertion (A, B, C, D in Fig. 1 ) were selected by comparing the total energies of several possible interstitial sites containing oxygen in the unit cell. We have carried out calculations using both spin-polarized and spin-unpolarized GGA. For the non-magnetic results, we used spin-unpolarized GGA and for collinear and bicollinear magnetic results, we used spin-polarized GGA and imposed respective magnetic ordering while relaxing the atomic positions. Our nonmagnetic DOS plots showed large weights at the Fermi level for most of the systems studied, indicating the likelihood to undergo magnetic transitions. Most of the results discussed here are for the spin-polarized cases, unless otherwise stated. Although our spin-polarized work shows some differences (related to sites C and D) with the above mentioned unpolarized work, sites A and B (for oxygen interstitials) appear to be the most energetically favorable, as determined there.
The other modulations studied in this study are; (a) Fe interstitials, (b) Fe vacancies, and (c) Se dopants. Results of the above mentioned defect systems are also from fully relaxed, optimized calculations as defined earlier. It is experimentally known that, except in case (a), these changes to pure FeTe, carried out with sufficient care, are likely to induce superconductivity. We note that without the GGA, the calculated moments turn out be rather small and (quantitative) conclusions drawn from pure LSDA work alone may be questionable. All the calculations reported here were performed using the GGA. 
Magnetic moments
The magnetic moments in pure FeTe and its various modulations were calculated starting from two different (AFM) magnetic structures, collinear and bicollinear (see Fig. 2 ). Note that in the collinear structure, k ¼ ðp; pÞ (with respect to a 2-Fe unit cell) AFM order is present while the bicollinear structure has (p, 0) order. The pure compound FeTe, in both magnetic structures, carry Fe moments which are around 2.0 l B , in agreement with recent experiments. Our DOS calculations identified these as originating from d-orbitals, which is not a surprise. These moments are found to be severely affected by the insertion of two oxygen atoms into interstitial sites A and B (see Table 1 and 2); Four of the eight Fe atoms show moments that are around 1.2 l B or less while the total charge in each atom undergoes minimal (less than 1 %) changes. In density functional calculations based on various approximations such as the LDA or GGA, such changes are not unusual. Hence, one cannot make specific statements about changes in the valence (such as Fe 2þ ! Fe 3þ ) using these results alone. However, when the total valence charges of Te and O are compared (at the same radii), there is a clear difference. Oxygen has more charge while being more electronegative and hence, its insertion is likely to create holes in the neighboring planes containing Fe atoms.
Insertion of Fe into A and B interstitial sites of FeTe does not appear to change the moments as drastically. In fact, while the moments of the Fe atoms in FeTe are almost unchanged, showing long-ranged AFM order (without considering the extra Fe atom), the inserted Fe atom carries a moment of about 2.5 l B , close to the value reported by some experiments [23] . The variationally determined total energies of these two, collinear and bicollinear, structures show a trend that supports experimental findings for FeTe and Se-doped FeTe. The pure system exhibits a collinear (static) AFM ground state; we have examined the iron or oxygen inserted systems (Fe or oxygen at A, B, C, and D sites), in addition to other modulations, as shown in Figs. 1, 3, 4 and Tables 1, 2 . Interestingly, the ground state magnetic structure of FeTe-Fe appears to depend on the extra Fe content. As reported in Ref. [7] for Fe 1?d Te, the favored magnetic structure is the bicollinear one as our calculations predict for d = 0.125 (see Fig. 4 ). Note that the net moment of the super cell is 2.5 l B which clearly is sufficient to destroy any pairing. For d = 0, the situation is reversed with the collinear structure being more stable (and carrying zero net moment). The difference in total energy between these two magnetic structures for d = 0.125 is less than 0.2 eV (per supercell). The total energies for the two magnetic states for d = 0 and d = 0.125 indicate that they are competing with one another, with a possible crossover occurring in the range 0 \ d \ 0.125. We note here that previous SIESTA-based calculations [12] report a Te height dependence of this total energy while agreeing with the ordering of the states as calculated by us for our optimized Te height. Our optimized Te height for nonmagnetic FeTe, 1.57 Å , is in agreement with previous VASP results Refs. [8, 9] . The optimized Te height of the pure (FeTe) system, when magnetic ordering was imposed, increased to 1.68 Å . This value is slightly below the critical Z Te value reported in [12] and accordingly, we observe that the collinear magnetic structure is more stable than the bicollinear one upon optimization.
The optimized Te height for non-magnetic doped O, Se, and defective Fe systems are 1.54, 1.58, and 1.52 Å , respectively. It is our opinion that the conclusions regarding magnetic disorder and precursors to superconductivity in the doped/defective cases are not affected by this height dependence.
With oxygen insertion, the above situation changes noticeably; with oxygen occupying either site A or site B, the bicollinear and collinear arrangements are almost degenerate with bicollinear being slightly more stable with some rearrangements in the (magnitude and direction of) the magnetic moments. However, with oxygen occupying both A and B sites, the collinear structure (with reduced/ different moments) becomes the more stable one. We emphasize that this is an experimentally observed result [7] . There is clearly no true antiferromagnetism here; instead, we see some Fe moments reduced by as much as 50 % while others show smaller changes. We will label such degraded magnetic states as damped SDW states. In the bicollinear case, the disorder in magnetic moments is more pronounced than in the collinear one. Our unit cell contains 8 Fe atoms, and hence it is able to show the damping/oscillations better than what would be seen in a small (say Fe 2 Te 2 ) cell; a larger supercell with more Fe atoms is likely to show the damping or oscillatory effects even better. In general, experiments show that static magnetism hinders superconductivity while spin fluctuations, which increase dramatically as the superconducting transition temperature T c is approached, help or act as a precursor to it in the cuprates, pnictides and chalcogenides. Another point to note is the reduction in some Fe-site moments in the Fe 8-a Te 8 calculation (with two vacancies of Fe) in the collinear structure; here, when there is a large net moment in the supercell, the two structures show similar total energies while when there is not, the collinear structure is more stable. In every case, some notable local magnetic order is still present with sizable moments. We believe that, although the true, static antiferromagnetism vanishes with the above modulations, local magnetic order plays a crucial role at least as a precursor to superconductivity. There is new evidence for such behavior seen even in the cuprates. Recent RIXS (resonant inelastic X-ray scattering) experiments on the 123 cuprate have revealed an intense peak around 1.7 eV energy loss that is Fe int B 1.9 1.9 -1.8 -1.9 -1.9 -1.9 1.9 2.0 Se sub:dopedðTe15Þ 1.9 1.9 -1.9 -1.9 -1.9 -1.9 1.9 1.9 due to an optically forbidden d-d transitions of unpaired holes from Cu 2? to other d-orbitals [24] . The significance of this work is that in over-doped, under-doped, and superconducting samples, magnetic excitations are seen around the same energy region.
Total energies
A comparison of variationally evaluated total energies is one of the more useful and reliable outputs of a DFT-based calculation. Various modulation-induced structures were selected since, experimentally, these were identified as necessary precursors for FeTe-derived superconductivity. Total energies shown in Fig. 4 , for all the modulated structures show a very clear trend; i.e., the collinearderived magnetic structure becomes the more favorable one prior to possible superconducting transitions, as observed experimentally [25] .
Here is a brief summary for the various structures: (a) pure Fe 8 Te 8 : collinear structure is more stable with Fe magnetic moments about 2 l B per atom (with a possible Te height-dependent ordering, as mentioned in ''Magnetic moments'' section). (b) Fe 9 Te 8 : bicollinear is more stable with the extra Fe atom carrying a moment of about 2.5 l B . (c) Oxygen interstitial: inserting one oxygen atom either at the interstitial site A or site B brings the total energies of the two magnetic structures close to one another and two inserted oxygens make it even closer. With three inserted oxygens, the collinear structure clearly becomes the more favorable. (d) Introduction of a single vacancy into the supercell induces a clear separation of the total energies with collinear one being more stable; nevertheless, a second vacancy brings their energies closer together. (e) Se doping makes the collinear structure more stable.
While a one particle mean-field theory alone is unlikely to explain pairing-related phenomena in moderately correlated systems, the trends seen with oxygen insertions, Fe vacancies and Se doping appear to confirm several experimental findings, such as short-range magnetic order [26] . The true, static AFM state, with large Fe moments, is lost due to oxygen insertions and other doping while some remnants of this lost state can be gleaned from the band calculations. However, without further assumptions and work, these results alone are unable to demonstrate a pairing scenario as to where the holes are created and their role due to these modulations. This is not surprising since it is well known that the local approximations to exchangecorrelation and mean-field effects usually wipe them out. Fig. 3 Damped AFM or SDW arrangements as calculated for bicollinear (a) and collinear (b) Fe arrangements. Atom labels are as in Fig. 2 . Note the substantial disorder in the magnetic moments due to modulations in the bicollinear case In addition, Fermi surface topology-based nesting mechanisms have become popular and have been used to obtain various pairing mechanisms. However, in view of the loss of long-range AFM order and the onset of short-range incommensurate order observed experimentally [26] and supported by our supercell calculations, we present a novel pairing scenario, based on a spatially local mechanism, in the following section. The onset of short-range incommensurate order is evident in our calculations when the long-range magnetic order disappears. Since we used a large (2 9 2 9 1) supercell, magnetic disorder is clearly observed (see Fig. 3 ).
(a) (b)

Charge and spin pairing in Betts lattices
Here we introduce a many-body, Hubbard Hamiltonian with nearest and next nearest hopping terms where explicit fluctuations of paired holes can be systematically studied under the variation of intra-site Coulomb interaction (U) in the canonical and grand canonical ensembles [27, 28] . The basic scenario of electron pairing at phase separation instabilities are reproduced in two-dimensional Hubbard lattices generated by small Betts unit cells (see the inset of Fig. 5 ) near half filling [29, 30] . Betts unit cells are considered to be the best optimal structures that can minimize and reduce edge effects. Using exact many-body energy eigenvalues, we define a charge gap D c at a given U, electron number N in a particular doping region as, D c ðNÞ ¼ EðN þ 1Þ þ EðN À 1Þ À 2EðNÞ; where E(N) is the lowest canonical many-body energy for an N-electron state. We also define a spin gap D h using magnetic susceptibility peaks at very low temperature. Finite temperature extensions of the above gaps can be done by taking thermal averages or by monitoring (spin and charge) susceptibility peaks in the grand canonical ensemble, details of which have been published elsewhere [27] .
These gaps provide important details about the stability of various many-body states, including the ground state containing N electrons. A negative (charge) gap region defines first-order phase separation instabilities, while a positive (charge) gap is a signature for smooth second order transitions. For example (as shown in Fig. 5 ), a negative charge gap region implies phase separation of an N-electron state into (N -1)-and (N ? 1)-electron states. Here, N denotes an electron count which is associated with a (single) hole-doped state away from half filling which turns out to be unstable in the specified interval of U. The spin gap in such a region probes the rigidity of such a mixed (phase-separated) state; i.e., if the spin gap is positive (see Fig. 5 ) with a total spin of zero, paired spins form a stable (and rigid) ground state.
Such calculations for two-dimensional finite systems based on 8-and 10-site Betts unit cells show that there are instabilities/fluctuations and electronic inhomogeneities at nanoscale in charge and spin degrees of freedom under ''suitable'' conditions. These fluctuations exist between a background AFM/SDW state and a two hole-or electrondoped state in a phase region identified as having a negative charge gap favoring charge and antiparallel (singlet) spin pairing (at a critical value of doping). A finite nonzero field is required to break these coupled (antiparallel) opposite spins, D h [ 0; which provides rigidity and stability for bound hole pairs. The unique gap, D c ¼ ÀD h ; for equal gap amplitudes of paired charge and coupled antiparallel spins in the ground state (see Fig. 5 ) closely resembles the conventional BCS-like coherent pairing for the quasiparticle gap. Although our recent work [29, 30] refer to a single orbital model, we infer that it can be extended to two or more orbitals and still retain the negative charge gap, as long as the hopping strength among similar orbitals is greater than that among different ones. In the above work, we noted that the pairing can be affected significantly by the Coulomb repulsion and the sign of the nnn coupling (t nnn ).
Depending on the value of the electron-electron Coulomb repulsion U, there are certain regions in a threedimensional T (temperature)-l(chemical potential)-U phase space where quantum critical points (QCPs) and classical criticalities drive these quantum and thermal fluctuations. For the square lattice generated by periodically repeated 8-site Betts cells, such a QCP in the ground state has been found at U c = 8.54 (in units of t, the hopping parameter in the Hubbard model), so that a charge instability and pairing exist in the region 0 \ U \ U c at suitable (doping) l = l c in the ground state and at low temperatures.
This charge instability leads to fluctuations between a SDW/AFM state and a state with extra holes of paired (and unlike) spins at low temperature. Note that even for very small U (i.e., weakly correlated systems), a negative charge gap and a coherent (positive) spin gap can exist providing stability. Indeed, our grand canonical ensemble-based studies show that these paired spins are stabilized by the (positive) spin gap up to a temperature of the spin pairing condensation, T s P . Clearly, with extra holes, it is easier for the charge carriers to move between sites, as seen in the oxygen-doped case.
An important point here is that such a scenario favors a background of collinear-derived states discussed in the previous sections, rather than the bicollinear one. This is simply due to the differences in the neighboring spins which begin to appear at the nnn level of the two structures (see Fig. 2 ). For an electron (or a hole) to hop through the lattice and form a pair, existence of (as many) unlike-spins as nnn would be an asset (since like-spin neighbors would prevent hopping to that orbital) provided that U values are relatively low or moderate. This is what is seen in the collinear structure with 4 unlike-nnn-spins, compared to 2 unlike-nnn-spins in the bicollinear structure (while at the nearest neighbor level, there is no difference). Our calculated charge gap for the 8-site Betts-cluster-based lattice shows that the nnn hopping, under certain conditions, can play a crucial, helpful role in the charge and spin pairing instability [29] .
Summary
Our band calculations, which are consistent with several experimental results, are used to identify states that act as precursors to superconductivity. In every case considered for the Fe-chalcogenide-derived compound under consideration, a collinear-derived, damped SDW is predicted prior to a possible superconducting transition. A theory based on the Hubbard model, with a weak on-site Coulomb repulsion, is able to explain possible charge and spin fluctuations starting from these precursors. We believe that this work lays the ground work for a common understanding of superconductivity in the chalcogenides, pnictides and cuprates.
